Protein TrwC is the relaxase-helicase responsible for the initiation and termination reactions of DNA processing during plasmid R388 conjugation. Site-directed mutagenesis was used to change to phenylalanine each of a set of four conserved tyrosyl residues in the sequence of the N-terminal relaxation domain of the protein. Simultaneous mutation of both Y18 and Y26 was required to abolish in vitro cleavage and strandtransfer reactions catalyzed by protein TrwC on oligonucleotides containing the nic site. Thus, both Y18 and Y26 could be involved independently in the formation of oligonucleotide-protein covalent complexes that constitute presumed intermediates of these reactions. This hypothesis was con®rmed by the observation of Y18 and Y26-speci®c peptide-oligonucleotide adducts after protease digestion of TrwC and mutant derivatives. Finally mutation Y18F, but not mutation Y26F, abolished nic-cleavage of a supercoiled DNA containing the R388 origin of transfer (oriT). These data allowed the construction of a model for conjugative DNA processing in which Y18 speci®cally catalyzes the initial cleavage reaction, while Y26 is used for the second strand-transfer reaction, which terminates conjugation. The model suggests a control mechanism that can be effective at each conjugative replication cycle.
Introduction
Bacterial conjugation can be operationally divided into two steps, DNA processing and DNA transport, each of which is carried out by a speci®c set of proteins encoded by the tra genes of a given conjugative plasmid (Zechner et al., 1999; Pansegrau & Lanka, 1996a) . Conjugative DNA processing starts by cleavage of a speci®c phosphodiester bond (the nic site) in the donor supercoiled DNA by a plasmid-speci®c relaxase. The resulting nucleoprotein complex, the relaxosome, contacts the transport site, where a multiprotein DNA transport apparatus effects the transfer process of the cleaved DNA strand to the recipient cell. Presumably, the relaxase religates the transferred DNA strand upon transfer, and ®nally host proteins replicate both single strands in donor and recipient bacteria to regenerate the doublestranded conjugative plasmid.
Conjugative systems were classi®ed into ®ve families according to the DNA sequences around the nic sites and the amino acid sequences of the corresponding relaxases (de la Cruz & Lanka, 1998) . A few selected relaxases have been analyzed at a biochemical level. The puri®ed proteins can speci®cally cleave oligonucleotides containing their respective nic site sequences so that the 5 H phosphoryl end of the cleaved product becomes covalently bound to the hydroxyl group of a speci®c tyrosyl residue of the protein. Relaxases can then transfer the bound DNA to an appropriate acceptor oligonucleotide by a second DNA strand-transfer reaction, so that a hybrid oligonucleotide is released from the enzyme (reviewed by Lanka & Wilkins, 1995) . The P-family relaxase TraI of plasmid RP4 is one of the best analyzed with respect to the biochemical details of these reactions. By using oligonucleotides bound to a solid support, Pansegrau & Lanka (1996b) showed that the TraIoligonucleotide adduct was incapable of carrying out the strand transfer reaction when challenged with a second oligonucleotide containing nic. The interpretation was that a second TraI molecule is required to complete the reaction, presumably by providing a new Tyr to catalyze the second strandtransfer reaction.
Conjugative relaxases belong to a superfamily of DNA strand-transferases (Ilyina & Koonin, 1992) that include proteins that initiate and terminate rolling-circle replication (RCR), both in plasmids and phages (reviewed by Novick, 1998) . RCR of plasmids like pT181 has to be controlled precisely, so it is initiated by a dimeric protein that is inactivated after each replication cycle. In contrast, in RCR initiators of phages like fX-174, a single protein molecule is able to catalyze both the initial cut and the ®nal strand-transfer reaction, so that replication proceeds non-stop in order to mass produce phage progeny. This is achieved by the presence of two equivalent functional tyrosyl residues in the same protein, which alternate in catalyzing the two steps in the strand-transfer reaction (the``¯ip-¯op mechanism''; van Mansfeld et al., 1986; Hanai & Wang, 1993) .
The F-family relaxase TrwC, from the IncW plasmid R388, is a large protein composed of an N-terminal domain with DNA-relaxase activity and a C-terminal domain with DNA-helicase activity (Llosa et al., 1996) . In addition to relaxase and helicase activities, protein TrwC promotes sitespeci®c recombination between oriT sequences in vivo (Llosa et al., 1994a) . Besides, it can cleave a supercoiled plasmid DNA containing oriT in vitro in the absence of accessory proteins (Llosa et al., 1995) . TrwC shares with other F-family relaxases a series of four conserved Tyr residues at the Nproximal end (Figure 1 ), an organization reminiscent of the two Tyr constellation present in fX-174 protein gpA. We decided to investigate their role in R388 oriT processing. In this work, we show that there are two active-site tyrosyl residues in TrwC and that they play non-equivalent functional roles. We propose that conjugative DNA processing of plasmid R388 occurs by a variant of thē ip-¯op mechanism used in fX-174 replication. This variant suggests a step in which control of DNA processing can occur at each conjugation cycle. Figure 1 . Amino acid sequence alignment of the relaxase domains of proteins of the F family, showing conserved N-terminal tyrosyl residues. Only the N-terminal domain of each protein (300 amino acid residues) is shown. The name of the conjugative plasmid is indicated. Accession numbers: TraI F (sw/TRI1 ECOLI), TraI R100 (sw/TRI2 ECOLI), TrwC R388 (pir/S43878); TraHI pKM101 (AAB97287) and Tra pNL1 (AAD03935). The four Tyr residues analyzed in this study are pointed out. The characteristic 3-His motif is overlined. Residues conserved in all ®ve relaxases are shown in bold. Below the sequences, the secondary structure prediction for the alignment is shown, according to the PhD algorithm (Rost & Sander, 1993) .
Results
Site-directed mutagenesis of TrwC potential catalytic tyrosyl residues Figure 1 shows an alignment of the amino acid sequences of the N-terminal domains of ®ve known F-family relaxases, which show an overall sequence identity of 30 %. This domain is suf®cient for TrwC to carry out all relaxase-catalyzed reactions in vitro (Llosa et al., 1996) . The conspicuous motif II (3-His motif) was used to classify them as RCR proteins. Previously characterized conjugative relaxases (TraI of RP4, MobA of RSF1010 and VirD2 of the Ti plasmids) contain the catalytic Tyr in a loosely conserved motif situated near the N terminus of the proteins, a reversed arrangement compared to RCR proteins, which contain the active Tyr(s) in the C-terminal part of the proteins (Ilyina & Koonin, 1992) . As seen in Figure 1 , there are four conserved Tyr at the N terminus of F-family relaxases that could be the putative active-site tyrosyl residues (Y19 is not conserved in the relaxase of pNL1 (Romine et al., 1999) , but this fact was unknown at the beginning of this study).
Each of these tyrosyl residues, individually and in all possible combinations, was changed to Phe by site-directed mutagenesis of trwC (Table 1) . Plasmids containing the wild-type or each of the mutant trwC genes were used to complement the transfer-de®cient phenotype of a trwC mutation of R388. The effects of these mutations on R388 transfer frequency are shown in Table 1 . The only single mutation that dramatically altered the conjugation frequency was Y18F (500-fold decrease). This mutant showed a frequency of transfer at least 200-fold higher than detection level (non-complemented R388 trwC in Table 1 ). Mutations in Y19 or Y26 also affected R388 transfer frequency, although to a lesser extent (®ve-and tenfold, respectively). Mutation Y27F had a rather modest effect (a less than twofold decrease). The effects of multiple mutations were as expected if the effects of single mutations were additive, the double mutation Y18F-Y26F being the one with the most drastic effect. When a single Tyr was left, Y18 still showed 5 % complementation, while Y26 could complement to only 0.15 % of the wild-type transfer frequency. Neither Y19 nor Y27 (nor both together) gave signi®cant levels of complementation. From these data and subsequent in vitro assays (not shown), we were able to determine that mutation Y27F had no major effect in TrwC activity as a relaxase. Thus, we concentrate on the results obtained with Tyr residues 18, 19 and 26, and the eight possible Y-F combinations. In all cases shown in Table 1 , endonuclease restriction analysis of transconjugant plasmid DNA demonstrated that the transferred DNA was identical with the donor plasmid.
Oligonucleotide cleavage and strand-transfer reactions catalyzed by TrwC mutant proteins TrwC protein was previously shown to cleave an 18-mer oligonucleotide containing the R388 nic site (oligonucleotide 1) and to perform the strand transfer reaction to a second oligonucleotide (2) also containing nic (Llosa et al., 1996) . The cleavage reaction catalyzed by wild-type TrwC protein in the conditions described in Materials and Methods reached equilibrium when about 15 % oligonucleotide 1 was cleaved (data not shown). A cleavage reaction with each of the TrwC mutants is shown in Figure 2 . The essential result was that cleavage catalyzed by the Y18F or Y26F single mutants was reduced to about 50 %, while the double mutation Y18F-Y26F abolished cleavage (<1 %). A strandtransfer reaction with the different TrwC mutants is shown in Figure 3 . First, we observed that mutations of Y18, Y19 or Y26 individually reduced the strand-transfer reaction only moderately. Mutation Y26F seemed to be more damaging that Y18F, while mutant Y19F was the least affected. When the performance of each individual residue was analyzed (in the double mutants), Y19 alone showed no strand-transfer activity, Y18 acted poorly, but surprisingly Y26 alone was substantially active. Therefore Y18, and especially Y26, can perform the strand-transfer reaction by themselves, suggesting the existence of two catalytic tyrosyl residues in TrwC (capable of forming phospho- Llosa et al., 1994b) and the indicated complementing plasmid were mated with strain HMS174 for one hour, using the plate-mating procedure. Sequential Steps in R388 oriT Processing by TrwC tyrosine covalent reaction intermediates). It was also noticeable that Y18 worked more ef®ciently in the presence of Y19 (compare YY-F with YF-F).
The appearance of cleavage products in the strandtransfer reaction followed closely the pattern previously discussed for the cleavage reaction itself.
Identification of oligonucleotide-peptide covalent adducts
In order to con®rm the implication of both Y18 and Y26 in oligonucleotide cleavage, we visualized the oligonucleotide-peptide adducts that had to be formed as intermediates in the cleavage reaction, as shown previously for RP4 protein TraI (Pansegrau et al., 1993) . If both tyrosyl residues were able to form covalent complexes, two different peptide adducts should be labeled after a cleavage reaction with a 3 H -labeled oligonucleotide. This result would be con®rmed if only one labeled peptide appeared in the single mutants Y18F and Y26F.
TrwC and all mutant proteins were incubated with 3 H -labeled oligonucleotide 1 and subsequently treated with chymotrypsin as explained in Materials and Methods. This protease contains cleavage sites between TrwC residues Y18 and Y26, so it should yield separable adducts. Protease reaction products were separated by electrophoresis and radioactivity scanned as shown in Figure 4 (a). As can be seen, the Y18F and Y26F single mutants produced distinguishable adducts. The pattern produced by wild-type protein was the addition of those produced by the two single mutations: both adducts can be discerned, although they are not produced in the same amount. Furthermore, the Y18F-Y26F double mutation did not produce detectable complexes. These results strongly indicate that both Y18 and Y26 are able to form covalent adducts with the 3 H portion of the cleaved oligonucleotide 1. The results were con®rmed with a second protease (protease Glu-C) that also has cleavage sites between Y18 and Y26. The results, shown in Figure 4 (b), again show the presence of two distinguishable adducts.
Figure 4 allows us to compare the cleavage activities of Y18 and Y26 in the wild-type protein.
It seems that both residues are engaging in cleavage reactions but Y26 with greater ef®ciency. Although Y19 did not show signi®cant cleavage activity by itself, Y19 mutants showed a signi®cant decrease of the Y18-speci®c bands only, suggesting that Y19 is involved primarily in the Y18 cleavage reaction.
Specific involvement of Y18 in the nic-cleavage reaction on supercoiled DNA
In the in vivo situation, TrwC is expected to ®nd a supercoiled DNA molecule as a substrate. We previously showed (Llosa et al., 1996) that the cleavage reaction on supercoiled DNA could be conveniently identi®ed after precipitation of the covalent complex intermediates by a cold KCl/SDS solution. Thus, the different TrwC mutants were allowed to react with oriT-containing supercoiled plasmid DNA, and the resulting complexes preci- pitated and visualized after electrophoresis, as shown in Figure 5 . A striking result was obtained: Y26 did not form complexes on its own (as in FF-Y), nor was the cleavage reaction affected by the Y26F mutation (in fact, nic-cleavage was increased in the Y26F mutation). On the other hand, the Y18F mutation, by itself, completely abolished nic cleavage. Again, Y19 did not show catalytic activity on its own (as in FY-F), but the Y19F mutation affected Y18 cleavage (YF-F was less active than YY-F).
The results illustrated by Figure 5 strictly re¯ect the ability of the different variant proteins to react with supercoiled DNA, yielding stable covalent TrwC/DNA complexes, and not only the ability to cleave the DNA. Thus, two alternative interpretations can be put forward to explain these results: (i) Y26 is not involved in the cleavage of supercoiled DNA; or (ii) covalent intermediates formed with Y26 are rapidly converted to covalently closed DNA that would not be detected as a complex. In support of this second hypothesis, Y26 was more ef®cient in the strand-transfer reaction (Figure 3 ).
Discussion
We report an analysis of the catalytic center of protein TrwC, the relaxase of conjugative plasmid R388, by studying the DNA cleavage and strandtransfer reactions catalyzed by TrwC and speci®c mutants in a set of potentially catalytic tyrosyl residues. The results, summarized in Table 2 , indicate that two active-center tyrosyl residues, Y18 and Y26, play non-equivalent catalytic roles during conjugative DNA processing. Both Y18 and Y26 were capable of catalyzing independent transesteri®cation reactions on model oligonucleotides ( Figure 3 ) and both formed distinguishable covalent adducts with DNA (Figure 4) . TrwC proteins carrying either Y18F or Y26F mutations were still able to catalyze cleavage and strand transfer, while the Y18F-Y26F double mutation showed no strand-transfer activity. On the other hand, when supercoiled DNA was used as a substrate, only Y18 formed stable DNA-protein complexes ( Figure 5 ). This result has to be compared to that in Figure 2 showing that both Y18 and Y26 were capable of cleaving oligonucleotides with similar ef®ciency. The corolary of these results is that these two tyrosyl residues occupy clearly different positions in the native TrwC molecule. When the protein binds an oriT-containing supercoiled DNA, only Y18 is speci®cally located in a position suitable to cleave the DNA in a manner that results in stable DNA-protein complexes and thus in aǹ`i nitiation complex''. With respect to the two remaining tyrosyl residues, Y27 is not involved in catalysis, since the Y27F mutation showed no signi®cant effect either in vivo or in vitro. The role of Y19 is still somewhat controversial. Y19 by itself shows no in vitro strand-transfer activity. However, the Y19F mutation impaired strand-transfer activity ( Figure 3 ) and strongly affected supercoiled DNA Sequential Steps in R388 oriT Processing by TrwC cleavage (Figure 5 ), suggesting that it was affecting mainly the cleavage reaction catalyzed by Y18. It should be noted that the relaxase of pNL1 does not have a tyrosyl residue, but phenylalanine, at this position ( Figure 1 ). This protein is 30 % identical with TrwC over 900 amino acid residues, including the essential relaxase and helicase motif signatures. Thus, it is a new member of the relaxase F-family. The protein can be assumed to be functional, since pNL1 was conjugation pro®cient (Romine et al., 1999) . This supports a model in which no crucial activity is carried out by Y19.
According to the above results, we propose that there are two distinct oligonucleotide processing sites in TrwC relaxase, or two different``pockets'' in its catalytic center ( Table 2 ). The ®rst site would include Y18 and Y19. Y18 will be the catalytic residue, while Y19 will probably be involved in DNA recognition or some other step at the Y18 site. The second site would have Y26 as the catalytic residue. It should be pointed out that, contrary to the published prediction for fX-174 gpA protein (van Mansfeld et al., 1986) , secondary structure prediction of F-family relaxase amino acid sequences suggests an a-b con®guration in the Y18-Y26 region (Figure 1) , so that the relative orientations of the relevant tyrosyl residues in the three-dimensional molecule cannot be predicted at present. Structural data would be needed to make further progress in understanding the architecture of the catalytic center and the role of residues Y17 and Y27.
The data in Figure 5 indicate that site 1 is specialized in supercoiled DNA cleavage. Similarly, site 2 seems to be specialized in DNA strandtransfer, a reaction that Y26 performs signi®cantly better than Y18 (Figure 3) . The two reaction centers are probably concerted, at least in part, since strand-transfer activity of wild-type TrwC is higher than the sum of any two mutants (Figure 3) . On the other hand, cleavage of supercoiled DNA works more ef®ciently in the absence of an active site 2 ( Figure 5) .
Finally, the in vivo effects of these mutations are shown in Table 1 . Y18F results in a protein with very limited functionality (0.2 %), which contrasts the relatively high in vivo activity remaining in mutant Y26F (11 %). It seems that the initial cleavage reaction can only be performed by Y18, while the reaction can somehow be completed in the absence of Y26. One possible explanation was that, if Y26 is required only for the termination reaction, Y26F transconjugants will be defective, maybe present in more-than-one-copy units, as shown for some RSF1010 oriT mutants (Erickson & Meyer, 1993) . However, Y26F transconjugant DNA molecules were indistinguishable from donor DNA molecules. Alternatively, it is possible that a relatively high frequency of Tyr misincorporation at F26 is responsible for the synthesis of a signi®cant proportion of Y26 relaxase molecules in the Y26F population, as shown previously for RP4 TraI mutants (Balzer et al., 1994) . If the termination reaction is not rate-limiting, a small fraction of wild-type protein can lead to a 10 % in vivo transfer frequency. The same idea could explain the background complementation (6 Â 10 À5 ) shown by the quadruple mutant FF-FF (Table 1) . Still a third alternative could be that Y18 of a second TrwC molecule can be recruited for the termination reaction, as suggested for the mechanism of RP4 TraI relaxase termination reaction (Pansegrau & Lanka, 1996b) .
Our results can be compared to those that form the basis for the proposed mechanism for phage fX-174 replication. The phage replication protein (gpA) contains two speci®c tyrosyl residues, Y343 and Y347, that can form covalent intermediates with DNA, and thus alternate to catalyze successive replication initiation/termination cycles by ā ip-¯op mechanism (van Mansfeld et al., 1986; Hanai & Wang, 1993) . A crucial result obtained with TrwC is that, while both Y18 and Y26 could act on oligonucleotide substrates, only Y18 was capable to start processing of supercoiled DNA, implying that each of the two essential tyrosyl residues is playing a differential, non-permutable role in conjugative DNA processing. This result is important, since it adds a potential checkpoint at the end of each conjugative replication cycle. Our model is presented in Figure 6 . As shown by our results, Y18 but not Y26 can catalyze a productive initial cleavage reaction on a supercoiled DNA substrate. It is assumed that this complex becomes competent for conjugative DNA replication after being triggered by a putative mating signal (Byrd & Matson, 1997; de la Cruz & Lanka, 1998) . At the end of one replication cycle, a single-stranded copy of the donor plasmid DNA has been unwound and transferred to the recipient cell, while the replicated donor DNA molecule remains as a nicked form with the 5 H phosphate group of the nick covalently bound to Y26 of TrwC. Our data suggest that this nucleoprotein conformation is very ef®-cient in the sealing reaction, so that a new initiation reaction is aborted. Thus, the protein ®rst has to unleash the DNA by reversal of the cleavage reaction. Now, the supercoiled DNA can be attacked by Y18 to produce a complex that has to wait for a renewed mating signal to trigger another conjugative replication cycle.
The model presented in Figure 6 should be compared with models for previously analyzed systems in which similar DNA strand-transfer reaction mechanisms are involved: conjugative DNA processing in plasmid RP4, and rolling-circle replication in plasmids pT181 and pC194 (for a discussion, see Novick, 1998) . The existence of two active tyrosyl residues in the case of protein gpA of fX-174 allowed the elegant proposal of a¯ip-op mechanism to explain fX-174 replication. However, phage replication can proceed unchecked, while plasmid replication or conjugative DNA processing need to be regulated. To avoid continuous initiation, plasmid pC194 uses glutamate for the second strand-transfer reaction, so that replication is terminated by hydrolysis (Noirot-Gros & Ehrlich, 1996) . In the case of pT181, the second strand-transfer reaction occurs after additional replication through nic, so that the resulting RepC-oligonucleotide adduct renders an inactive RepC heterodimer (Rasooly & Novick, 1993) . In the case of TraI relaxase of plasmid RP4, Pansegrau et al. (1993) demonstrated that Y22 is the only catalytic residue. The alignment in Figure 1 should be compared to that of the P-family relaxases to which RP4 TraI belongs. There is no Tyr residue in RP4 TraI that can play the same role as TrwC-Y26. In fact, there is not even a conserved Glu residue in the P-family relaxases that could play the termination part of the reaction pathway as is the case in pC194 replication (Noirot-Gros & Ehrlich, 1996) . It was postulated (Pansegrau & Lanka, 1996b ) that termination could occur by the concourse of a second relaxase molecule that will engage the Step 1, protein TrwC cleaves the nic site (blue segment in the green DNA) so that Y18 becomes covalently bound to the 5 H end of the cleaved strand (yellow dot). Only Y18-DNA complexes are long-lived and thus able to promote initiation.
Step 2, a putative mating signal triggers donor DNA synthesis from 3 H end of cleaved strand. The newly synthesized DNA strand (grey) displaces the old strand (green), which is transferred to the recipient cell.
Step 3, after a complete round of replication, the nic site is encountered again, cleaved by Y26 and the resulting 3 H end transferred to the Y18-DNA junction.
Step 4, a single-stranded DNA circle is produced (released to the recipient cell), while donor DNA remains nicked and with the 5 H end of the nick bound to Y26.
Step 5, this conformation of the relaxation complex is distinguishable from that produced after step 1; the model assumes this complex is not competent for a new round of replication, and rapidly returns to the resealed complex by reversal of the cleavage reaction. As a consequence, a new triggering step is necessary for each round of replication.
Sequential Steps in R388 oriT Processing by TrwC second Tyr, similarly to the proposed mechanism for plasmid pT181 replication (Rasooly & Novick, 1993) . Our results suggest, if this is the case, that TraI-dependent processing during RP4 conjugation should also include a checkpoint for each processing cycle, may be similar to the pT181 system.
In conclusion, the results presented here suggest that the basic outline of the DNA processing reaction pathways is different between P-type and F-type relaxases. In this context, a closer look at other DNA transfer systems seems warranted. This is especially the case of T-DNA transfer from Agrobacterium to plant cells. Although VirD2 relaxase seems closely related to TraI of RP4, there are important details of T-DNA processing mechanism that are insuf®ciently explained. As an example, VirD2 has been shown to pilot the T-DNA to the nucleus in the recipient plant cell. How is it released from the donor DNA molecule after the second strand-transfer reaction? Diversity of processing schemes among conjugative DNA-processing systems adds to diversity among Rep systems of RCR plasmids and bacteriophages. Furthermore, related proteins adapted to catalyze transposition reactions (Mendiola et al., 1994) . It seems that this protein superfamily (including relaxases, replicases and transposases) can achieve a broad plasticity in DNA transactions, which made them successful in gene evolution.
Materials and Methods

Strains
Escherichia coli strains used were D1210 (proA2 leuB6 thi1 ara14 lacY1 galK2 xyl5 mtl1 recA13 hsdR hsdM rpsL lacI q ) (Sandler et al.,1980) and HMS174 (hsdR recA rpoB) (Campbell et al., 1978) .
Matings
Conjugation experiments were carried out by the plate-mating procedure as described (Llosa et al., 1991) using 100 ml of both donor and recipient cultures in stationary phase.
Plasmid constructions
A series of plasmids were constructed that overproduced different TrwC protein derivatives, each containing one of the 16 permutations of Tyr or Phe in residues Y18, Y19, Y26 and Y27 of the TrwC amino acid sequence. The resulting plasmids (pSU4751 to pSU4765), and their respective mutations are indicated in Table 1 . They all expressed full-length TrwC proteins from a Ptac promoter upon IPTG induction.
Plasmid pSU1538 (Llosa et al., 1996) carries 1044 bp of gene trwC, which correspond to the N-terminal 348 amino acid residues of protein TrwC, cloned in pET3b (Rosenberg et al., 1987) , so that TrwC-N348 could be expressed from the T7 promoter. pSU1538 DNA was used as template in a PCR reaction with oligonucleotide I (5 H -TAATACGACTCACTATAGGGAGA-3 H from the T7 promoter region) and degenerated oligonucleotide II (5 H -CAAGGATCCGTCCTCGWAAWAGCTTGCAGCCC-3 H ; the underlined sequence creates a new BamHI site between Gly22 and Ala23, the degeneration creates mutations Y18F and/or Y19F). The resulting DNA was digested with endonucleases NdeI plus BamHI, and ligated to the same restriction sites of pUC18 (YanischPerron et al., 1985) DNA. The expected mutants (plasmids pSU4417, pSU4418, pSU4419 and pSU4420) were obtained. Their sequence was con®rmed to be identical with trwC between base-pairs 1 to 63, except codons 18 and 19, which were TATTAC, TTTTAC, TATTTC, and TTTTTC, and thus coding for YY, FY, YF, and FF, respectively. NdeI-BamHI DNA segments from each of the previous plasmids were cloned between NdeI-BamHI sites of pET3c (Rosenberg et al., 1987) , obtaining plasmids pSU4421, pSU4422, pSU4423 and pSU4424, respectively. Direct cloning of PCR fragments in pET3c was unsuccessful for unknown reasons. pSU1538 DNA was used as template for a second PCR reaction with degenerated oligonucleotide III (5 H -CAAGGATCCGACGAT TWCTWTGCCAAGGATGGCGA-3 H , the degeneration creates Y26F and/or Y27F mutations) and oligonucleotide IV (5 H -ATGGGATCCTTACTCCCGGTCTACC-3 H ), which includes a stop codon after nucleotide 825 of trwC. The resulting DNA was digested with BamHI and cloned in the BamHI site of pUC18, obtaining plasmids pSU4411, pSU4412, pSU4413, and pSU4414. These plasmids contained trwC DNA sequences from base-pair 70 to 825, except for codons 26 and 27, which were TAC-TAT, TTCTAT, TACTTT, and TTCTTT, respectively. BamHI fragments containing trwC sequences from plasmids pSU4411, pSU4412, pSU4413, and pSU4414 were in turn cloned in the BamHI site of plasmids pSU4421, pSU4422, pSU4423 and pSU4424, obtaining plasmids with different combinations of mutations corresponding to trwC codons 18, 19, 26, and 27 as follows: pSU4425 (TATTAC-TACTAT), pSU4426 (TATTAC-TTCTAT), pSU4427 (TATTAC-TACTTT), pSU4428 (TATTAC-TTCTTT), pSU4429 (TATTTC-TACTAT), pSU4430 (TATTTC-TTCTAT), pSU4431 (TATTTC-TACTTT), pSU4432 (TATTTC-TTCTTT), pSU4433 (TTTTAC-TAC-TAT), pSU4434 (TTTTAC-TTCTAT), pSU4436 (TTTTAC-TTCTTT), pSU4437 (TTTTTC-TACTAT), pSU4438 (TTTTTC-TTCTAT), pSU4439 (TTTTTC-TACTTT), pSU4440 (TTTTTC-TTCTTT). In all cases, the BamHI site created at base-pairs 64-69 of trwC originated a A23S mutation in TrwC that was phenotypically silent. These plasmids overproduced the N-terminal 275 amino acid residues from TrwC with the corresponding mutations in codons 18, 19, 26, and 27 . In order to overproduce the complete TrwC protein containing the same mutations, plasmid pSU1483 (Grandoso et al., 1994) DNA was digested with BglII plus NsiI, and ligated to the 150 bp BglII-NsiI fragments from the above-mentioned plasmids. The resulting plasmids were pSU4751 to pSU4765, which produce full-length TrwC derivatives with mutation A23S and the Y-F mutations indicated in Table 1 . In this set of plasmids, expression of TrwC from the tac promoter of pKK223-3 could be induced by addition of IPTG. Plasmid constructions were veri®ed by DNA sequencing in a Vistra DNA sequencer model 725, using iodoacetyl Texas Red labeled oligonucleotide I, and the Thermo-Sequenase sequencing kit (Amersham).
Overproduction and purification of TrwC and its derivative mutants
TrwC and mutant proteins were puri®ed following the method of Grandoso et al. (1994) , starting from derivatives of E. coli strain D1210 containing the overex-
